Astakine1 was isolated as a hematopoietic cytokine in the freshwater crayfish Pacifastacus leniusculus. In this study we detect and compare 79 sequences in GenBank, which we consider to be possible astakine orthologs, among which eleven are crustacean, sixteen are chelicerate and 52 are from insect species. Available arthropod genomes are searched for astakines, and in conclusion all astakine sequences in the current study have a similar exon containing CCXX(X), thus potentially indicating that they are homologous genes with the structure of this exon highly conserved. Two motifs, RYS and YP(N), are also conserved among the arthropod astakines. A phylogenetic analysis reveals that astakine1 and astakine2 from P. leniusculus and Procambarus clarkii are distantly related, and may have been derived from a gene duplication occurring early in crustacean evolution. Moreover, a structural comparison using the Mamba intestinal toxin (MIT1) from Dendroaspis polylepis as template indicates that the overall folds are similar in all crustacean astakines investigated.
Introduction
Comparison of protein sequences can provide meaningful insights into how proteins function as well as how they have evolved (Ajawatanawong and Baldauf, 2013) . During the past five years, the number of available annotated eukaryotic genomes has increased dramatically, from 40 in 2011 to 359 in 2016 (https://www.ncbi. nlm.nih.gov/genome/annotation_euk/). This increase of genomic data, combined with an even larger increase in reported protein sequences, has made it possible to perform comparisons between sequences from an increasing number of species.
In 2005, we published the first report of a hematopoietic cytokine in freshwater crayfish Pacifastacus leniusculus and we named the protein astakine (S€ oderh€ all et al., 2005) . It was purified from plasma and sequenced by mass spectrometry, and the mRNA sequence was identified and characterized. Astakine was found to contain a prokineticin domain (pfam 06607) with 56% similarity and 31% identity to that of Bombina variegata Bv8 (GenBank accession no. AAD45816) and high similarity to other vertebrate prokineticins (Mollay et al., 1999) . This astakine is now named as astakine 1 (Ast1). Further, we isolated cDNA for a second astakine from the penaeid shrimp Penaeus monodon, which had an insertion of 13 amino acids after amino acid 44 compared with P. leniusculus astakine1 (S€ oderh€ all et al., 2005) . Later, we identified a similar, astakine in P. leniusculus, and this longer type of astakines is now named as astakine 2 (Ast2) (Lin et al., 2010) . Since then, several astakine-like proteins have been described from different invertebrate animals, primarily arthropods (Hsiao and Song, 2010; Lin et al., 2010; Li et al., 2016; Shelby et al., 2015) .
The prokineticin protein was originally isolated from black mamba venom (Boisbouvier et al., 1998) and then from skin secretions of frogs (Mollay et al., 1999) . Prokinectins are 80e90 amino acids in length, and contain 10 cysteines forming 5 bridges. The amino-terminal sequence in all vertebrate prokineticins is AVIT, and in addition to being present in snake venoms and frog skin secretions, these proteins are expressed in various tissues in mammals (Kaser et al., 2003) . Vertebrate prokineticins are involved in not only angiogenesis and cancer (Monnier and Samson, 2010) , immunity (Martucci et al., 2006) and hematopoiesis (LeCouter et al., 2004) but also reproduction pain regulation (Negri et al., 2009 (Negri et al., , 2002 and neural repair (Gordon et al., 2016) . Moreover, two highly homologous G-protein coupled receptors for prokineticins have been identified (Lin, 2002) .
A common trait of all arthropod astakines is that they lack the Nterminal sequence AVIT, which is a signature sequence for vertebrate prokineticins and is important for binding to their G-protein coupled receptors, PROKR1 and PROKR2 (Kaser et al., 2003) . To date, no similar receptor has been detected for the invertebrate astakines, but binding studies have shown that P. leniusculus astakine binds to the beta subunit of ATP synthase (Lin et al., 2009) a finding later confirmed to also occur in shrimp (Liang et al., 2015) .
Several arthropod protein sequences with similarity to that of crayfish astakine can be found in GenBank, but only a few studies about the function of this group of proteins have been published. An important role of P. leniusculus Ast1 in hemocyte proliferation and differentiation has been described (Lin et al., 2010) and more reports indicating roles of astakines in immunity and hematopoiesis have been published (Hsiao and Song, 2010; Jiravanichpaisal et al., 2007; Liang et al., 2015; Lin et al., 2008; Li et al., 2016; Shelby et al., 2015; Thomas et al., 2016; Wilson et al., 2015) . However, knowledge of arthropod astakine functions remains scarce, and to date, no structure has been experimentally determined for any of these proteins, although we have performed homology modeling for P. leniusculus Ast1 and Ast2 by using mamba intestinal toxin 1 as a template (Lin et al., 2010) .
Two structures have been determined experimentally for vertebrate prokineticins (Boisbouvier et al., 1998; Morales et al., 2010) . A solution structure of the disulfide-bridge topology of Mamba intestinal toxin 1 (MIT1), determined by NMR spectroscopy, reveals similarities with colipase (an enzyme secreted from pancreas). Both peptides show resistance to endoproteases, and the authors have suggested that exocrine glands such as the pancreas may have evolved into venom glands, owing to the structural similarities between colipase and Mamba intestinal toxin (MIT1) from Dendroaspis polylepis (Boisbouvier et al., 1998) . Interestingly, several astakine-like sequences in arthropods show similarities with venom proteins in insects and spiders.
In the present study, we searched 27 arthropod genomes to find genes encoding astakine-like proteins and searched for additional astakine-like proteins or cDNA sequences in GenBank. In total, we detected 77 additional sequences, which we deemed to be possible astakine orthologs. We compared these sequences, focusing on differences in putative indel sequences to identify possible structures that may be of interest for further functional studies. Further, we used the software Phyre2 to compare the putative 3-dimensional structures of crustacean astakines.
Materials and methods

Naming and definition of astakines
The astakine sequences were divided into two groups, astakine 1 (Ast1) and astakine 2 (Ast2), according to the naming in P. leniusculus where these molecules were first defined (Lin et al., 2010; S€ oderh€ all et al., 2005) . Ast1 contains a prokineticin domain with 10 cysteines, whereas Ast2 in addition has an insert of 10e20 amino acids containing the conserved YP(N/D) motif. Naming of the proteins was done as follows: the protein name begins with an abbreviation of the species followed by Ast1 or Ast2. When multiple copies were found, lower case letters were added in alphabetic order as additional identifier. For example, the two Stegodyphus mimosarum Ast2 were named St-Ast2a and St-Ast2b. If several species had similar initials we named as in the following example: Procambarus clarkii ¼ Pcl; Polistes Canadensis ¼ Pca, or Camponatus floridanus ¼ Ca.f; Copidosoma floridanus ¼ Co.f.
BLAST search and sequence collection
Seventy-nine astakine-like sequences from different arthropods were investigated in this study. The sequence comparison was limited to the prokineticin domain, which was deemed to start with the second amino acid located to the N-terminal side of the first cysteine residue in the N-terminus and to end with the second amino acid after the tenth cysteine in the C-terminus. Amino acid positions were numbered starting with 1 at the second amino acid preceding the first C and extending to the second amino acid after the tenth C (i.e., X 1 X 2 C 3 e C 96 X 97 X 98 ).
We searched for astakine-like sequences in several different ways. Astakine and astakine-like were used as keywords to search in GenBank at the NCBI web page (https://www.ncbi.nlm.nih.gov/). The protein and nucleotide sequences from P. leniusculus Ast1 and Ast2 (accessions AAX14635.1 and ABQ23256.1 respectively), were used as query sequences in BLAST searches (https://blast.ncbi.nlm. nih.gov/Blast.cgi) by using Protein BLAST, blastx and tblastn. The resulting astakine-like sequences from different arthropods were used for further searching via BLAST. Non-redundant protein sequences or specific arthropod genomes were selected as the BLAST databases. In total, 79 arthropod astakine-like sequences were found and used for further analysis (Supplementary Table 1 ). Some of the astakine-like sequences were found only as nucleotide sequences, and in those cases, we used the ExPASy translate tool (http://web.expasy.org/translate/) to translate them into protein sequences (Artimo et al., 2012) . A cutoff value for identity of 30% was used, and moreover the conserved ten cysteine pattern was used as criteria for naming the sequence as astakine. In some species, we found more than one astakine-like sequence, and in those cases, additional identifiers were assigned as described in section 2.1.
Investigation of the gene structure of arthropod astakines
To explore the exon-intron structure of putative astakine genes, 33 different arthropods found in the GenBank genome assembly database (https://www.ncbi.nlm.nih.gov/genome/annotation_euk/ all/) were analyzed with BLASTn using full-length astakine mRNA sequences from these species. BLAST hits, i.e., fragments of the mRNA sequences in the respective genomes, were downloaded and analyzed further. These nucleotide fragments were translated into amino acid sequences to determine the astakine protein sequences and thereby the exon structure and the length of the introns were estimated.
Multiple sequence alignments and phylogenetic analyses
To compare the different astakine-like sequences, we performed multiple sequence alignment of their protein sequences by using the Muscle (Edgar, 2004) online tool from EMBL-EBI (http://www. ebi.ac.uk/Tools/msa/muscle/). Phylogenetic trees were constructed for two different datasets of the astakine sequences. One of the dataset contained all the 79 astakine protein sequences in this study. The other dataset consisted of 33 astakine sequences based on sequences showing >35% identity to Pl-Ast2. All of the four trees were rooted by an astakinelike sequence from the collembolan hexapod Folsomia candida. Two different methods were used for both datasets; the Bayesian method using MrBayes 3.2 (Ronquist et al., 2012) , and the maximum likelihood (ML) method using the IQ-TREE-1.5.5 software (Nguyen et al., 2015) . The best-fit evolution model for the ML analysis of the 79 sequences was WAG þ I þ G4 and for the ML analysis of the 33 sequences VT þ I þ G4. WAG combines two empirical models of protein evolution, Dayhoff and JTT, using an approximate maximum likelihood method (Whelan and Goldman, 2001) . For the Bayesian analysis the best model was estimated for both datasets to be WAG. The rates were set to equal.
IQ-TREE estimates the appropriate evolutionary model using Modelfinder (Kalyaanamoorthy et al., 2017) . Ultrafast bootstrap approximation (Minh et al., 2013 ) was used to assess branch support values. The number of replicates was set to 1000. Bayesian phylogenetic inference uses Markov chain Monte Carlo (MCMC) methods to produce the most likely phylogenetic tree for a given set of data.
Detection of signal peptides and calculation of isoelectric points and molecular weights
The presence and locations of putative cleavage sites for signal peptides of the astakine sequences were predicted by the SignalP 4.1 server (Petersen et al., 2011) (http://www.cbs.dtu.dk/services/ SignalP/). D-cutoff values were set to default (meaning the score above which the SignalP program will predict a cleavage site for a signal peptide for eukaryotes), and input sequences were allowed to include TM regions. After removal of the signal peptide sequences, the mature astakine sequences were analyzed with the ExPASy compute pI/Mw tool web site (http://web.expasy.org/ compute_pi/), and average resolutions were used to calculate isoelectric points and molecular weights assuming no glycosylation or lipid binding of the proteins (Bjellqvist et al., 1993 ).
Structure prediction
Three-dimensional structures of full-length mature proteins (without signal peptide) of L. vannamei, P. monodon, M. japonicus, P. clarkii, P. leniusculus Ast2 and P. leniusculus Ast1 were predicted using the software Phyre2 (Kelley et al., 2015) at the Phyre2 web page (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi? id¼index), using normal modeling mode. The three top-scoring models for each crustacean astakine were downloaded in Protein Data Bank (PDB) format, and Phyton Molecule Viewer (Sanner, 1999) was used to display the models. Charge potentials for the protein models were computed with Adaptive Poisson-Boltzmann Solver (APBS) (Baker et al., 2001 ) and mapped to the surface with medium quality and a distance of 1.0 Å from the surface.
Results and discussion
Astakines or astakine-like sequences
In addition to P. leniusculus Ast1 and Ast2, we detected 77 putative astakine protein sequences in GenBank or by BLAST searches, and performed multiple sequence alignment of the conserved prokineticin-like domain of these sequences together with an astakine-like sequence from the primitive hexapod Folsomia candida (Springtail) as an outgroup sequence (Fig. 1 ).
The alignment files were then examined manually, and numbering of the amino acids is as described in the method section. Ten highly conserved cysteine residues, two motifs (R 22 Y 23 S 24 and Y 57 P 58 ) and a conserved proline residue (P 80 between C 79 and C 81 ) were found in the alignment (numbers according to Fig. 1 ). Seventy-nine sequences were defined as Ast1 or Ast2, among which 11 were crustacean, 16 were chelicerate and 52 were from Insecta ( Fig. 1, Supplementary Table 1 ). In addition to the highly conserved amino acid motifs mentioned above, some amino acids were identified as being more or less conserved in specific groups of species. For crustaceans, the residues G 11 P 12 and P 30 L 31 G 32 D/E 33 and T 95 C 96 Q 97 were highly conserved among decapods.
Among the 52 insect sequences, including 13 diverse Hemiptera, 15 ants, and 21 other Hymenoptera, the highest similarities between sequences were detected among the ants. The amino acid P 20 and the motifs M 29 P 30 F/Y 31 Q 32 Q 33 and T 49 I 50 T 51 T 53 N 54 L 55 T 56 are highly conserved among ants but less conserved in other insect species. In bees, we also identified a conserved Q 27 , which is also present in shrimp (Fig. 1) . Unfortunately, there have been few studies about the functions of the insect and chelicerate astakines, and therefore it is premature to draw any functional conclusions regarding this conservation of motifs at the organism level.
In conclusion, we could detect astakine sequences in chelicerates, crustaceans, and some insect orders. So far no astakine sequence was found in Myriapoda, which could be due to lack of sequence data for this group. Interestingly, most of the insect sequences belonged to insects of the orders Hemiptera and Hymenoptera, whereas no astakine-like sequences have been reported to date from Diptera, Coleoptera or Lepidoptera. According to several recent phylogenomic studies of insects, it seems clear that Hymenoptera is a basal order within the holometabolous group and is a sister group to Diptera, Coleoptera and Lepidoptera (Behura, 2015; Peters et al., 2017 Peters et al., , 2014 . Thus, the data presented in our study suggest that astakine genes may have been lost at the root of the clade Aparaglossata, which includes all holometabolous insects except Hymenoptera (Peters et al., 2014) .
Signal peptides, isoelectric points and molecular weights in arthropod astakines
We could find cleavage sites for signal peptides in all astakine protein sequences. However, when we compared the Atta cephalotes (GenBank Accession number XP_012063524.1) sequence with that of the close relative Atta colombica (GenBank Accession number KYM75707.1), these sequences were nearly identical, except for a longer N-terminal reported for Ast2 in A. cephalotes. This A. cephalotes sequence was predicted by an automatic analysis from genomic data and submitted as such to GenBank, whereas the A. colombica sequence was experimentally identified from transcriptomic sequences. This result indicates that in order to verify protein sequences, experimental confirmation is needed. Thus, the long deduced N-terminal sequence in A. cephalotes reported as predicted astakine-like protein with Accession number XP_012063524.1 may not be a true part of the protein.
In the crustacean group, the isoelectric point for most of the investigated crustacean astakines in the current study varied between pI ¼ 4.54 and pI ¼ 5.13. However, two exceptions were PlAst2 (pI ¼ 7.04) and Pcl-Ast2 (pI ¼ 7.69) (Supplementary Table 1 ). The isoelectric points for chelicerate astakines varied between pI ¼ 3.92 and pI ¼ 8.54. Most of the identified astakines had pI values higher than 4.50 and lower than 6.80, and hence they are negatively charged at neutral or physiological pH.
In summary, all astakines detected in our study have a predicted signal peptide and thus may be secreted proteins. That is similar to the prokineticins in vertebrates, which all are secreted. All astakines are small molecules with molecular mass between eight and fourteen kDa, and the prokineticin domain constitutes the main part of the mature protein. However, in contrast to vertebrate prokineticins, most of the arthropod astakines, with some exceptions have a pI below 7, meaning a negative charge at physiological pH. However, there are no studies published so far about experimentally determined structure for any arthropod astakine, and therefore it can not be concluded whether their surface charges are negative or positive with certainty.
Putative exon-intron structures of arthropod astakines
We identified putative arthropod astakine sequences by searching in the arthropod genomes that are annotated at NCBI. Our deduced gene structures for the identified astakine genes among these arthropods showed some general similarities as well as some differences among the major classes. In all astakine genes investigated in the current study, the exon containing the 3' end of the prokineticin domain ends with CCXX or CCXXX (Fig. 2 and  Supplementary Table 2) . Most of the genes in insects consist of two exons in total, with the first one ending as mentioned above (Fig. 2) . Four of the astakine genes from insects (A. cephalotes, Linepithema humile, Solenopsis invicta and Vollenhovia emeryi) have an additional exon in the N-terminal region, and in the H. halys astakine gene, there is an additional exon in the C-terminal region (Supplementary Table 2 ). However, this conclusion must be taken carefully, because these sequences do not seem to have been confirmed experimentally; as mentioned above for A. cephalotes, the predicted first exon may not be expressed or may be inaccurate (Suen et al., 2011; Wurm et al., 2011) .
Among the chelicerate astakine genes analyzed, most had an extra exon at the N-terminus encoding the signal peptide, and the second exon encoding the structure ending with CCXX or CCXXX (Fig. 2) . In M. occidentalis, an exception among the chelicerates, the PROK-domain is encoded by three exons, and the second exon ends with nucleotides encoding CPCEG (Supplementary Table 2 ). No decapod genome is available to date, but the N-terminal exon has been found to share the same structure (ending with the nucleotides encoding CCXX or CCXXX) in the unpublished genome of the decapod marble crayfish, Procambarus fallax forma virginalis (Phattarunda Jaree, Frank Lyko and Julian Gutekunst, personal communication).
In summary, all astakine sequences in the current study have a similar exon encoding the structure ending with CCXX(X), thus potentially indicating that they are homologous genes with the structure of this exon highly conserved. In most of the astakines the PROK-domain is encoded by two exons, the first one ending as above and the second encoding the rest of the prokineticin domain.
This result may indicate that these astakine sequences are more closely related to each other than the ones with the prokineticin domain encoded for by three exons. Some of the astakines appear to have an additional exon located at the N-terminus of the gene. Because this part of the protein contains the signal peptide, it may be less conserved than other regions.
Multiple sequence alignment of arthropod astakines
The alignment of all astakine amino acid sequences showed that some of the residues are highly conserved. Ten cysteine residues are conserved in all sequences (numbering as in Fig. 1): C 3 -(X 5 )eC 10 -(X 4 )eC 15 e C 16 -(X 11 )eC 28 -(X 9 )eC 38 -(X n )eC 79 (P) C 81 -(X 5 )eC 89 -(X n )eC 96 Deviating from the structure above are two insertions of a P in Pl-Ast1 and Pcl-Ast1 between C 3 and C 10 . In Pcl-Ast1, there are also four deletions between C 16 and C 28 . Between C 81 and C 89 the two Daphnia sequences, Dm-Ast2 and Dp-Ast2, have two insertions consisting of an alanine and an asparagine (Fig. 1) .
Two motifs, RYS and YP(N/D), are conserved among the arthropod astakines. Only in PclAst1, the YS part of the RYS is missing in the alignment, and in the RYS motif, arginine is in some sequences substituted by the similar amino acid lysine and in one sequence, that of Cimex lectularius Cl-Ast2c, it is replaced by leucine. In 14 of the sequences, tyrosine is replaced by phenylalanine. The serine residue of the RYS is in seven of the insects replaced by an alanine, in Ast2 from Polistes canadensis and V. emeryi by valine and in four other insects by a threonine. In the YP(N/D) motif, the tyrosine is replaced by phenylalanine in M. occidentalis by tryptophan in Copidosoma floridanum, and by glutamine in Diachasma alloeum. It has previously been shown by mutant recombinant protein experiments that this motif is important for the function of Pl-Ast2 (Lin et al., 2010) . In Pl-Ast1 and Pcl-Ast1, there are 24 gaps between T 42 and Q 67 . These two sequences also lack the YP(N/D) motif, which indicates different functions of Ast1 and Ast2.
There is also a conserved proline residue in the position between C 79 and C 81 . This residue is conserved in all sequences except in Lhu-Ast2 (replaced by serine), Tz-Ast2 (alanine), Lhe-Ast2b and Zn-Ast2 (aspartic acid), Bg-Ast2 (glycine) and Hl-Ast2 (leucine), and if this finding is not due to sequencing errors, it may have implications for the function of these putative astakines (Fig. 1) .
Taken together, all the astakines have a conserved cysteine pattern with ten cysteines, and between the sixth and seventh cysteine there is an insertion of variable length in all Ast2 containing an YP(N/D) motif which for Pl-Ast2 is shown to be of importance for the function (Lin et al., 2010) .
Phylogenetic analyses of some arthropod astakines
All of the arthropod astakine sequences were subjected to two different phylogenetic analyses, a maximum likelihood (ML) analysis by the IQ-Tree software (Fig. 3a) , and a Bayesian analysis by MrBayes software (Fig. 3b) . The study was restricted to these methods since distance based methods are less reliable when analyzing the high number of diverse sequences as in this study. An astakine-like sequence from the springtail Folsomia candida was used to root the tree. In the resulting IQ-TREE-file from the phylogenetic analysis there is a warning that deduction of the phylogeny should be done with caution. This was due to the larger number of parameters (branch lengths and model parameters) in relation to the sample size i.e. the length of the alignment. In order to improve the robustness in the phylogenetic estimation and avoid Fig. 2 . Deduced exon-intron structure of the astakine gene of a representative each from the insects, chelicerates and crustaceans. All astakine genes investigated in the current study contain the exon colored yellow in the figure. This exon ends with CCXX or CCXXX. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . a. A phylogenetic tree of 79 astakine protein sequences from arthropods analyzed using the maximum likelihood method with the IQ-TREE software. The astakine-like sequence from the hexapod F. candida was used as root sequence. Bootstrap values are given at the nodes, and light grey or dark grey shading indicates clades of closely related taxa. The scale bar indicates substitutions per site. b. A phylogenetic tree of astakine protein sequences from arthropods analyzed using the MrBayes software. The astakine-like sequence from the hexapod F. candida was used as root sequence. Node support values are given at the nodes, and light grey or dark grey shading indicates clades of closely related taxa. The scale bar indicates substitutions per site. Fig. 4 . a. A phylogenetic tree of 33 astakine protein sequences with highest similarity to P. leniusculus astakine 2 analyzed using the maximum likelihood method with the IQ-TREE software. The astakine-like sequence from the hexapod F. candida was used as root sequence. Bootstrap values are given at the nodes, and the scale bar indicates substitutions per site. b. A phylogenetic tree of 33 astakine protein sequences with highest similarity to P. leniusculus astakine 2 analyzed with MrBayes software. The astakine-like sequence from the hexapod F. candida was used as root sequence. Node support values are given at the nodes, and the scale bar indicates substitutions per site.
warnings, a second dataset was constructed of 33 sequences (Fig. 4a-b) . The sequences included were chosen by their percentage of identity to Pl-Ast2. Seven sequences were crustacean, eight from chelicerates and 18 were insect astakines, and F. candida was used as root sequence. Since the number of parameters depends on the number of sequences there was no warning for the second analysis in IQ-Tree (Fig. 4a) .
Ast2 sequences from chelicerata and insecta are clustered in two distinct clades in all four analyses. The placement of the crustacean astakines seems to be more uncertain. In the smaller dataset, all the crustacean astakines are gathered in one clade with high support. However, in the analysis of the large dataset the topologies of the crustacean sequences are different depending on the phylogenetic method. Using the maximum likelihood method, the crustacean astakines Dm-Ast2 and Dp-Ast2 belonging to the Cladocera branches off early in a minor clade and differ from all the other astakines, which belongs to Decapoda. In contrast, in the Bayesian method, the crustacean sequences can not be fully resolved, and the decapod Cm-Ast2 is found outside all the other crustaceans in a polytomy. A comparison between the sequence structure of the crustacean astakines shows that Cm-Ast2 contains deviating amino acids in 21 positions. Nine of these positions contain amino acid residues not found in any other astakine sequence in this study. For the rest of the 21 positions identical residues have been found in some of the astakines from chelicerates and insects, and thus CmAst2 is different from the other astakines of Decapoda.
In all phylogenetic analyses, Ast1 and Ast2 from P. clarkii and P. leniusculus were separated into different groups in the trees, indicating that these sequences are distantly related to each other. Gene duplication may have occurred in the crustacean astakines before the divergence of the species included in this analysis. Ast1 has to date been detected in only P. leniusculus, P. clarkii (Beltz and Brenneis, personal communication) and P. fallax forma virginalis (Jaree, Lyko and Jutekunst, personal communication), and it is possible that one of the variants has been lost during evolution in some groups (or has not yet been found).
All other sequences analyzed in this study belong to the Ast2 type. For some species more than one sequence was found. For example, three duplicates of Ast2 from L. polyphemus were grouped together, and thus are more closely related to one another than Ast1 and Ast2 in P. leniusculus.
The dataset also contains two astakine sequences for the American house spider, P. tepidariorum, and the African social velvet spider, S. mimosarum. Even if their placement is somewhat uncertain, they are related to each other in the same order in both the ML and the bayesian phylogenetic analyses (Fig. 3a-b) . Pt-Ast2a groups with Sm-Ast2a, and Pt-Ast2b groups with Sm-Ast2b, thus indicating earlier gene duplication before speciation, compared with the evolution of astakine duplicates in L. polyphemus.
The chelicerate astakines are clustered in almost the same way in all four analyses. However, the phylogeny of De-Ast2 (D. erythrina), Sm-Ast2a and Pt-Ast2a could not be fully resolved in this analysis, since there is a polytomy in both the ML and Bayesian analysis.
A large number of sequences in the current study belong to the insects. Several of the species have more than one Ast2 sequence namely, A pisum, L Hesperus, C lectularius, T pretiosum, N vitripennis and A echinatior. In the insect clade, all astakines from hymenoptera except Da-Ast2 are clustered in one large clade. Da-Ast2 is found in another clade together with astakines from Phthiraptera, Hempitera, Blattodea and Isoptera (Fig. 3a-b) . The topology of the insect clade is similar but not identical in both trees, but the support values in this area of the trees are lower in the Bayesian tree (Fig. 3a) . A comparison of the sequence structures of the insect astakines shows that Da-Ast2 also contains several different amino acids, compared to other sequences. Some of the residues are identical to the ones in Lhe-Ast2b. Therefore, it is possible that Daast2 is another astakine variant than the other hymenoptera astakines.
Taken together, our phylogenetic trees give a hypothetic indication about the evolutionary relationship between astakine sequences, but it has to be taken into account that such tree analysis are limited by the number of sequences available. When all detected astakine sequences were used in one analysis the different trees were similar but several branches showed low values of support (Fig. 3a-b) . In contrast, the limited analysis in which sequences of high identity were used showed more robust trees with higher support values (Fig. 4a-b) .
Structure prediction
Six crustacean astakine sequences from Pm-Ast2, Lv-Ast2, MjAst2, Pcl-Ast2, Pl-Ast2 and Pl-Ast2 were analyzed with Phyre2 for alignment (Kelley et al., 2015) . These sequences were used for comparison in order to get an idea about what parts of the structure that is most likely to be of importance for functional difference between some marine and freshwater crustacean species. Phyre2 determines an evolutionary profile for the query sequence by heuristic searches in protein sequence databases. To search for the best templates, this profile, together with the secondary structure predicted in Phyre2, is scanned against a folding library containing proteins of known, experimentally determined structures. The best-scoring alignments between the query sequences and the library sequences are then used to build three-dimensional models of the query protein. The three top-scoring models from the Phyre2 results were identical for all analyzed sequences: mamba intestinal toxin 1 from Dendroaspis polyepis, PDB 1MIT (Boisbouvier et al., 1998) ; prokineticin Bv8 from Bombina variegata PDB 2KRA (Morales et al., 2010) ; and Dickkopf-related protein 1 (DKK1) from Homo sapiens PDB 3S8V (Cheng et al., 2011) . These three templates gave different alignment with the astakines as shown in Supplementary Fig. 1 . The confidence for the matches between the submitted astakine sequences and the models was between 98.5 and 100, thus indicating a high percentage probability that the astakines and the models are homologous. The percentage identity between the astakines and the models was between 28% and 37%. In Phyre2, the proportion of disorder in secondary structures was predicted for all astakine sequences as reported in Supplementary  Table 3 . Thus, fairly large portions of these proteins probably lack fixed three-dimensional structures and are unstructured with conformational flexibility, owing to random coil structures. Structures with high proportions of disorder are more difficult to predict. The three models with high confidence for the matches, as mentioned above, in Phyre2, were then used as templates for the prediction of astakine structure, and the predicted structures were displayed in Phyton Molecule Viewer (Sanner, 1999) . The overall folding and the core of the astakine structures for these models are shown in Fig. 5a and Supplementary Figs. 2 and 3 , with the ten cysteine residues, the RYS and YP(N/D) motifs and the indel regions marked (shown by yellow crosses, Fig. 5a , Supplementary Figs. 2  and 3 ). Fig. 5a shows the structure of the astakines predicted with intestinal toxin 1 as template. The extension of the modeled astakines is between GXC 3 and C 89 XRXX, in the Pcl-Ast2 model between HC 3 e C 89 SRTS (numbering according to Fig. 1) . The overall folding of the structures appears to be quite similar among the species. Most of the models contain four cysteine bridges, C 3 e C 16 , C 10 e C 28 , C 15 e C 79 and C 38 e C 89, although the two cysteine residues C 3 and C 16 from Pcl-Ast2 and Pl-Ast1 models appear to be too distant from each other to form a bridge. In contrast, the secondary structures are less similar, especially in the region partly consisting of the indel region (Fig. 5a ). In this region, an alpha helix is found in Ast2 from L. vannamei and P monodon, whereas Pl-Ast2 contains one helix and one beta sheet, and in Ast2 from M. japonicus and P. clarkii, the structures in this region consist only of a coil structure. The predicted structure of Pl-Ast1, which has a deletion of 13 amino acid residues in this part of the structure, has a beta sheet. For the astakine structures with Bv8 as templates ( Supplementary Fig. 2 ), the extension of the modeled residues is almost the same as in the previous prediction. The only difference is one additional residue in the C-terminus. All structures contain four cysteine bridges. The overall folds are similar in all crustacean astakines, and the secondary structures are more similar within the two groups of astakines compared with the structures with the intestinal toxin as template. Among the shrimp, an alpha helix is found in the indel region, whereas only coil structures are found in the two Ast2 structures from P. clarkii and P. leniusculus (Supplementary Fig. 3 ).
In comparison, the predicted structures using the Dickkopfrelated protein 1 (DKK1, 3S8V) as template include all ten cysteine residues forming five cysteine bridges, including C 81 e C 96 ( Supplementary Fig. 3 ). Most of the modeled structures contain XC 3 in the N-terminus, but the Pl-Ast1 structure contains GSC 3 and PclAst2 only C 3. All of the structures end with C 10 Q, except that of PclAst2, which ends with C 96 QL. Another difference is the overall folding of the structures predicted from DKK1. These differences include, for example, the RYS motif being located closer to the YP(N/D) residues. L. vannamei and P. monodon Ast2 have similar secondary structures containing an alpha helix in the indel region, as does P. clarkii. In M. japonicus, only a small helix is found, and in the two astakines from P. leniusculus, the indel region consists only of a coiled structure (Supplementary Fig. 3 ).
Two regions, the RYS motif and the YP(N/D) motif, are conserved among the Ast2 and were investigated further. The charge potentials were computed and mapped to the surface with 1MIT as a template (Fig. 5b) . The RYS and YP(N/D) structures of the surfaces together with the structures of the residues in the overall folds ( Fig. 5a and Supplementary Figs. 2 and 3) were compared across all the modeled astakine structures. The structures of the residues in the RYS motif seem to be similar in the models predicted with the intestinal toxin and prokineticin templates, although none of the template contains this motif. In contrast, in the models predicted with DKK1 as template, the structure of the RYS motif is different in some astakines, whereas no model for these residues in Pcl-Ast2 could be predicted using this template.
All six crustacean structures modeled by Phyre2, except Pl-Ast1, contain the YP(N/D) motif, and this part of the molecule has previously been found to be important for function in the granular hemocyte lineage in P. leniusculus (Lin et al., 2010) . This motif is near the variable indel region, and therefore it is possible that the structure around this motif might vary in the different models (Fig. 5a, Supplementary Figs. 2e3 ).
In conclusion, the overall structure of the models predicted with intestinal toxin and prokineticin as templates seems to be similar for most of the predicted astakine structures. The secondary structure and the backbone of the proteins are also similar in most of the regions, although not in the region containing indels. The structure of the RYS motif also looks similar among the astakines modeled by using these two templates. These similarities may be because the two templates are similar, and the same four cysteine bridges are predicted in the modeled structures.
In contrast, in the models predicted with DKK1 as template, the overall folding and number of modeled cysteine residues and resulting number of bridges differ from the others. The structure of the RYS motif is more variable when this template is used, but DKK1 is the only template yielding structures with more similar YP(N/D) structures, possibly because these models contain five cysteine bridges, which may stabilize the structure, and especially the indel region and YP(N/D).
Conclusions
Since the first reported astakine sequence in 2005, we could find 77 other arthropod astakines or astakine-like sequences in GenBank. A search in available genomes revealed a similar exon-intron structure among the arthropod astakines. Although all sequences are similar and contain the core astakine structure with ten cysteines, the RYS and YP(N/D) motifs, a phylogenetic analysis combining all arthropods were not fully resolved and gave trees with some polytomies. However, both the ML and the Bayesian method showed separate crustacean, chelicerate and insect clades. In addition, the hymenopteran sequences all grouped together with one exception, and the hemiptera formed a common clade also with only one exception.
In crustaceans, the distance between Ast1 and Ast2 from P. leniusculus and P. clarkii indicates a gene duplication occurring early in crustacean evolution.
A structural comparison using the Phyre2 software gave some indication of a similar overall core structure, but since the available templates are fairly distant, such predictions has to be evaluated with care. Nevertheless, our structural comparison of five crustacean sequences could still show that the indel sequences following the preserved YP(N/D) motif is likely to give a specific surface structure that varies among species, and can be of specific interest to experimentally manipulate in order to reveal possible function.
